Abstract. Drug resistance is the major factor contributing to the failure of chemotherapy in non-small cell lung cancer (NSCLC) patients. Emerging evidence suggests that autophagy plays a vital role in the chemoresistance of many types of tumors. However, the exact mechanism underlying the chemoresistance of NSCLC is still elusive, and it is unclear whether lncRNA-XIST is involved in autophagy and chemoresistance of NSCLC. In the present study, we demonstrated that lncRNA-XIST was overexpressed in NSCLC tumor samples, and knockdown of lncRNA-XIST significantly decreased autophagy by regulation of ATG7 as determined by qPCR and by western blotting. Furthermore, we found that miR-17 was upregulated following knockdown of lncRNA-XIST, and miR-17 mimics decreased the protein levels of ATG7 by directly targeting the 3'-untranslated region of ATG7 mRNA as determined by RT-qPCR and by western blotting. Furthermore, we found that the expression level of lncRNA-XIST was markedly increased in cisplatin-resistant A549 cells as determined by q-PCR. Knockdown of lncRNA-XIST restored the chemosensitivity of cisplatin-resistant A549 cells to cisplatin, which was reversed by miR-17 inhibitor and overexpression of ATG7 as determined by CCK8 assays. This study provides evidence that lncRNA-XIST may be a potential marker of poor response to cisplatin chemotherapy in NSCLC patients and the pathway 'lncRNA-XIST/miR-17/autophagy' may be a promising target for patients with chemoresistant NSCLC.
Introduction
Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related mortality in the world, accounting for 85% of all lung cancer cases. According to previous reports, most patients with NSCLC present with advanced cancer at diagnosis and patients with advanced NSCLC have an average 5-year survival rate of approximately 15% (1) . Although efforts and improvements have been made in the diagnosis and therapy for NSCLC, the prognosis of patients is still not optimistic. Drug resistance is the leading factor contributing to the failure of chemotherapy treatment (2) (3) (4) (5) . The high mortality of patients with NSCLC and the poor prognosis associated with NSCLC has propelled us to improve our understanding of the mechanisms underlying the chemoresistance of NSCLC. More important, establishing effective therapeutic targets for chemotherapy is urgent.
Recently, many studies have shown that the majority of human genome transcripts are transcribed into non-coding RNAs including small ncRNAs and long non-coding RNAs (6, 7) . Long non-coding RNAs (lncRNAs) are a class of non-coding RNA transcripts with a length of more than 200 nucleotides (8) . To date, growing evidence has shown that lncRNAs play important roles in cancer development and progression (9) . Mounting evidence has shown that lncRNAs are involved in diverse pathological processes such as autophagy, proliferation and apoptosis (10) (11) (12) (13) . The role and function of lncRNAs in chemoresistance have also been widely investigated. In breast cancer, Xue et al (14) reported that lncRNA-HOTAIR was overexpression in tamoxifen-resistant cancer samples and contributed to tamoxifen-resistance by promoting ER signaling. In addition, in HER2-positive breast cancers, lncRNA-ATB was suggested to lead to trastuzumab resistance by directly binding miRNA200c and inducing EMT (15) . Zhang et al (16) also demonstrated that long noncoding RNA PVT-1 was upregulated in cisplatin-resistant gastric cancer tissues and cisplatin-resistant gastric cells. In in vitro experiments, knockdown of PVT-1 weakened the resistance to cisplatin of cisplatin-resistant cell lines. Several studies have also reported that many types of lncRNAs participate in the drug resistance of NSCLC. Liu et al (17) previously documented that lncRNA-HOTAIR conferred cisplatin resistance to A549 cells by downregulating the expression of p21 decreased in cisplatin-resistant lung cancer cells and overexpression of MEG3 restored chemosensitivity to cisplatin of cisplatin-resistant cells both in vitro and in vivo. Recently, the levels of lncRNA-XIST were found to be increased in tumor tissues and serum from NSCLC patients (19) , indicating that it may play an important role in NSCLC. However, the role and function of lncRNA-XIST in drug resistance remain unclear.
Autophagy is a conserved metabolic process, which is rapidly induced to ensure the survival of cancer cells facing a harsh tumor microenvironment such as hypoxia, starvation or exposure to chemotherapy drugs (20) (21) (22) (23) . Many studies have demonstrated that autophagy is involved in the development and progression of cancer such as promotion of cancer cell growth, cancer cell resistance to chemotherapeutic drugs and cancer cell metastasis (24) . In hepatocellular carcinoma (HCC) cells, Xiong et al (25) and colleagues demonstrated that lncRNA-HuLC could induce autophagy to attenuate the chemosensitivity of HCC cells. However, the role of lncRNA-XIST in autophagy is not fully understood, and whether lncRNA-XIST affects the chemosensitivity of NSCLC through autophagy remains to be fully clarified.
In the present study, we showed that lncRNA-XIST was upregulated in NSCLC tissues compared with the adjacent normal tissues and in DDP-resistance A549 cell lines. In addition, we found that knockdown of lncRNA-XIST decreased basal autophagy and autophagic flux in NSCLC cells. Furthermore, we demonstrated that knockdown of lncRNA-XIST impaired the chemoresistance of NSCLC dependent on autophagy, suggesting that the lncRNA-XIST/autophagy pathway may be a potential target for NSCLC chemotherapy.
Materials and methods

Non-small cell lung cancer and adjacent normal tissues.
Fifty paired NSCLC tissues and adjacent normal specimens were obtained from Tongji Hospital, Huazhong university of Science and Technology from October 2014 to November 2016. Informed content for the present study was obtained from those patients participating in this investigation prior to the study. This project was also approved by the Ethics Committee of Tongji Hospital. All tissue samples were stored in liquid nitrogen.
Total RNA extraction and real-time polymerase chain reaction (qpCR). Total RNA was obtained from tissue samples or cancer cell lines using TRIzol reagent (Invitrogen, Shanghai, China). Next, cDNA was synthesized from 5 to 10 µg of total RNA using the Super Master Mix synthesis kit (Takara Bio, Shiga, Japan). Then, we examined the mRNA expression of lncRNA-XIST and GAPDH in tissue samples or cancer cell lines using TaqMan universal Master Mix II (Applied Biosystems, Foster City, CA, uSA). GAPDH was considered as the endogenous control. Data were analyzed using the 2 -∆∆CT method. The qPCR conditions used were as follows: 10 min at 95˚C, 40 cycles of 15 sec at 95˚C and 1 min at 60˚C. The sequences of qPCR used in the present study were as follows: GAPDH forward primer, 5'-GGAGCGAGATCCCTCCAA AAT-3' and reverse primer, 5'-GGCTGTTGTCATACTTC TCATGG-3'; lncRNA-XIST forward primer, 5'-ACGCTG CATGTGTCCTTAG-3' and reverse primer, 5'-GAGCCT CTTATAAGCTGTTTG-3' .
Western blotting. We collected cancer cells according to the requirement of the corresponding experiment. Then, we immediately lysed the cell sediment in RIPA buffer with 1% PMSF. Briefly, the protein samples were separated on SDS-PAGE gel and transferred onto PVDF membranes. The membranes were incubated with the corresponding primary antibody overnight at 4˚C. Next, the membranes were incubated with the secondary antibody and visualized using ECL substrates.
Confocal microscopy. For quantification of autophagy, A549 cells were transiently co-transfected with GFP-LC3B and shRNA-lncRNA-XIST or control-shRNA. Briefly, after transfection for 48 h, the cells were washed with phosphatebuffered saline (PBS) at 4˚C twice. Then, the cells were carefully fixed with 4% paraformaldehyde and then incubated with 4',6-diamidino-2-phenylindole (DAPI) for 5 min at room temperature after washing the cells twice with PBS. Subsequently, the stained cells were observed using Zeiss LSM 510 laser confocal microscopy. The autophagy dots were counted in 20 cells randomly. Finally, the average autophagy dots in each cell were analyzed.
Cell lines and cell culture. Human cell lines A549 and H1299 were obtained from the American Type Culture Collection (ATCC; Manassas, VA, uSA. All cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Invitrogen) at 37˚C in a humidified incubator. The cisplatin-resistant DDP A549 cell line was obtained from the Bank of Cancer Cell Lines of the Chinese Academy of Medical Science (Beijing, China) and 2 µg/ml cisplatin was added to the medium to maintain its drug resistance phenotype.
Reagents and antibodies. Primary antibodies against LC3B
and ATG7 were purchased from Cell Signaling Technology (Danvers, MA, uSA) and SQSTM and GAPDH antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, uSA). Corresponding secondary antibodies were purchased from Abcam (Cambridge, MA, uSA). Chloroquine (CQ) was purchased from Sigma-Aldrich (St. Louis, MO, uSA). The mimics and inhibitors of miRNA, the negative controls of mimics and inhibitors (NC) were purchased from Guangzhou RiboBio Co., Ltd. (Guangzhou, China). Lipofectamine 2000 reagent was obtained from Invitrogen.
Construction of plasmids and transfection.
The total DNA fragment coding ATG7 was cloned into the pCDNA3.1(+) vector. The DNA fragment containing the predicted miR-17 target site (ATG7-WT) of 3'-uTR ATG7 mRNA and the mutation DNA fragment of the predicted miR-17 target site (ATG7-Mut) separately was inserted into a pmirG1O DualLuciferase miRNA Target Expression Vector. The different plasmids were co-transfected into cells as indicated using Lipofectamine 2000 reagent. In addition, luciferase assays were performed according to the manufacturer's protocol included in the Dual-Luciferase reporter assay system (Promega, Madison, WI, uSA). Specific shRNA oligonucleotides targeting lncRNA-XIST (Sh-X) and negative control (Ctrl) were obtained from Shanghai Genepharma Co., Ltd. (Shanghai, China) and this sequence was cloned into the pLKO.1-Puro vector according to the manufacturer's instructions. The pmirG1O Dual-Luciferase miRNA Target Expression Vector and the pLKO.1-Puro vector were respectively obtained from Promega and Addgene.
Cell viability assay. Cells were plated into 96-well plates at 3,000 cells/well. After transfection of the plasmids and treatment with cisplatin according to the experiment, 10 µl of Cell Counting Kit-8 (CCK-8/WST-8; Sigma-Aldrich) was added to the plates and incubation was carried out for 3 h. Subsequently, the absorbance of each plate was examined at 450 nm.
Statistical analysis. All statistical analyses were performed using GraphPad Prism 5. Data were shown as mean ± SD. Differences between the groups were estimated using the Student's t-test, the χ 2 test or the Pearson correlation coefficient. P<0.05 was considered to indicate a statistically significant result.
Results
lncRNA-XIST is highly expressed and associated with autophagy in NSCLC.
Previous studies have shown that lncRNA-XIST is upregulated in many types of cancers (26, 27) . To evaluate the role of lncRNA-XIST in NSCLC, we examined the mRNA levels of lncRNA-XIST in paired NSCLC fresh tumor and normal tissues. As shown in Fig. 1A , we found that lncRNA-XIST was highly expressed in the tumor samples compared with the adjacent normal tissues. In addition, we further investigated the association between lncRNA-XIST and clinical features of the NSCLC patients. Our results indicated that lncRNA-XIST is positively associated with TNM stage (Table I) . Those results strongly implied that lncRNA-XIST may play an important role in the development and progression of NSCLC. Recent evidence suggests that autophagy is involved in tumor development and progression. To further estimate whether there is a relationship between lncRNA-XIST and autophagy, we found that there was a positive correlation between lncRNA-XIST and LC3B (an autophagy marker) in 50 NSCLC samples using correlation analysis (Fig. 1B) , and the protein expression level of LC3B was also found to be associated with TNM stage of the NSCLC cases (Table I) indicating that both lncRNA-XIST and autophagy is involved in the same segment of tumor progression and there is the possibility that the formation and function of autophagy must be tightly regulated to promote NSCLC progression. Furthermore, in accordance with previous research, the LC3B protein level was overexpressed in the NSCLC tumor samples compared with the adjacent normal tissues (data not shown). The above data prompted us to hypothesize that lncRNA-XIST regulates autophagy to promote the progression of NSCLC.
Knockdown of lncRNA-XIST inhibits basal autophagy and autophagic flux in NSCLC cells. To assess the relationship between lncRNA-XIST and autophagy, we separately co-transfected the A549 and H1299 cells with the shRNAlncRNA-XIST (Sh-X) plasmid and GFP-LC3B plasmid, the control-shRNA plasmid and GFP-LC3B plasmid. As shown in Fig. 2A , the mRNA levels of lncRNA-XIST were downregulated in the A549 and H1299 cells following transfection of Sh-X as determined by qPCR. Furthermore, using western blot analysis, we verified that knockdown of lncRNA-XIST markedly reduced the LC3B-II protein accumulation and increased SQSTM1 protein expression in the A549 and H1299 cells (Fig. 2B) , which was accumulated when autophagic flux was inhibited. In addition, using immunofluorescence Table I . Correlation between clinicopathological characteristics and expression of lncRNA-XIST and LC3B in the NSCLC patients (n=50). Data are expressed as n (%). LNM, lymph node metastasis. technique, we observed that the number of GFP-LC3B autophagic dots/cell was lower in the Sh-X groups than that in the control groups ( Fig. 2C and D) . To investigate the role of lncRNA-XIST in autophagic flux, we added CQ to the cells for assessing the level of autophgic flux affected by lncRNA-XIST. As shown in Fig. 2E and F, the LC3B-II and SQSTM1 protein accumulation were lower in Sh-X groups than in the control groups following treatment with CQ.
lncRNA-XIST regulates autophagy through ATG7. Next, to understand the molecular mechanism of the influence of lncRNA-XIST on autophagy, we examined the changes in the protein levels of different autophagy proteins in A549 cells transfected with Sh-X or the control siRNA. unexpectedly, among the different autophagy proteins, the ATG7 protein was markedly decreased in the Sh-X group compared with the control group (Fig. 3A) . Furthermore, we performed 'rescue experiment' to understand whether lncRNA-XIST regulates autophagy through ATG7. We co-transfected the A549 cells with the ATG7 plasmid and shRNA-lncRNA-XIST (Sh-X) plasmid into NSCLC cells for expressing similar ATG7 protein levels compared with the control. using western blot analysis and immunofluorescence assays, we found that ATG7 rescued the levels of autophagy proteins and the number of GFP-LC3B dots was suppressed by the knockdown lncRNA-XIST ( Fig. 3B-E) .
lncRNA-XIST inhibits the expression of miR-17 to modulate ATG7.
Recently, mounting evidence has demonstrated that the interaction between lncRNAs and miRNAs may be a mechanism of lncRNAs involved in cancer progression (28, 29) .
Thus, using several online bioinformatic prediction websites, we chose the candidate miRNAs: miR-106a, miR-17 and miR-1182, which may be involved in autophagy. To confirm whether lncRNA-XIST regulates the expression of the above miRNAs, we transfected the Sh-X plasmid and the control plasmid into cells, respectively. As shown in Fig. 4A , knockdown of lncRNA-XIST significantly increased the expression of miR-17. Furthermore, we analyzed the potential binding site in the 3'-uTR region of ATG7 by miR-17 using the TargetScan website. The target site of ATG7 is shown in Fig. 4B . In accordance with the above hypothesis, we found that miR-17 mimics downregulated the expression of ATG7 (Fig. 4C) and Dual-Luciferase reporter assays indicated that miRNA-17 can directly target ATG7 (Fig. 4D ). More importantly, we further found that knockdown of lncRNA-XIST decreased the luciferase activity of ATG7 3'-uTR and the decreased luciferase activity of ATG7 3'-uTR was reversed by miR-17 inhibitor (Fig. 4E) .
Knockdown of lncRNA-XIST attenuates the chemoresistance of NSCLC cells via suppression of autophagy.
The above data showed that lncRNA-XIST may be involved in NSCLC progression and regulates autophagy activity. Since previous studies have demonstrated that autophagy plays an important role in chemoresistance, this phenomenon prompted us to hypothesize that the association between lncRNA-XIST and autophagy can influence the chemoresistance of NSCLC cells. Thus, we firstly examined the mRNA expression of lncRNA-XIST in both cisplatin (DDP)-resistant DDP A549 cells and parental A549 cells. As shown in Fig. 5A and B, we found that the mRNA expression of lncRNA-XIST was higher in the DDP A549 cells than the parental A549 cells and the autophagy activity was also enhanced in the DDP A549 cells compared to that in the parental A549 cells. Cell viability assays indicated that knockdown of lncRNA-XIST could strongly restore the response to cisplatin of the DDP A549 cells and parental A549 cells (Fig. 5C ). More importantly, knockdown of lncRNA-XIST increased DDP-mediated inhibition of cell survival, which was reversed by an miR-17 inhibitor and overexpression of ATG7, respectively ( Fig. 5D and E) . Taken together, the above results demonstrated that knockdown of lncRNA-XIST attenuated the chemoresistance of NSCLC cells via suppression of autophagy.
Discussion
In the present study, we found that overexpression of lncRNA-XIST was positively associated with NSCLC TNM stage. In addition, clinical data showed that the expression of lncRNA-XIST was closely related with the protein levels of LC3B in clinical tumor samples. We revealed a novel molecular mechanism by which lncRNA-XIST regulates autophagy and the potential role in the chemoresistance of NSCLC. lncRNA-XIST may be considered as a vital therapeutic target in NSCLC. Previous studies have shown that lncRNAs are involved in the progression of many types of cancer and affect disease prognosis (30) (31) (32) . Recently, lncRNAs have been considered as a novel mechanism underlying the resistance of many types of cancer. Aberrant expression of lncRNAs has been identified in many human cancers or in chemoresistant cancer cells. Targeting lncRNAs may be a promising strategy for patients with chemoresistance (33) (34) (35) (36) (37) . Consistent with these previous studies, we found that lncRNA-XIST was upregulated in NSCLC tissues compared with that in the adjacent normal samples. Furthermore, a positive correlation between the expression of lncRNA-XIST and NSCLC TNM stage was observed in clinical data, indicating that lncRNA-XIST may be involved in NSCLC progression. However, the exact role and function of lncRNA-XIST in NSCLC progression and chemoresistance remains unclear.
Autophagy, a conserved metabolic process for cell homeostasis, has been verified as a protective mechanism for chemoresistance of many cancer cells. In response to chemotherapy, autophagy is activated as a protective way for maintaining cancer cell survival (38, 39) . For example, Xiong et al and colleagues demonstrated that overexpression of lncRNA-HuLC attenuated the chemosensitivity of HCC cells by upregulation of autophagy (25) . In the present study, we found that knockdown of lncRNA-XIST strongly decreasedautophagy activity and the levels of ATG7, an important autophagic protein. Rescue experiments further demonstrated that the regulation by lncRNA-XIST of autophagy depends on ATG7. To ascertain the exact molecular mechanism underlying the regulation of autophagy by lncRNA-XIST, we used online biologic websites, and found that miR-106a, miR-17 and miR-1182 may be the best target candidates of lncRNA-XIST. Dual-Luciferase reporter assays showed that miR-17 directly targets ATG7, suggesting that lncRNA-XIST may regulate autophagy via the miR-17/ ATG7 signaling pathway. It is known that autophagy plays a vital role in chemoresistance and inhibition autophagy can enhance the chemosensitivity of cancer cells. These results prompted us to hypothesize whether lncRNA-XIST effects the chemoresistance of cancer cells by regulation of autophagy. We found that the expression level of lncRNA-XIST was markedly increased in DDP-resistant A549 cells compared with that in the corresponding parental A549 cells. Furthermore, cell viability assays showed that knockdown of lncRNA-XIST restored the chemosensitivity of DDP-resistant A549 cells to cisplatin. In contrast, overexpression of ATG7 could reverse the influence of the knockdown of lncRNA-XIST on the chemosensitivity of DDP-resistant A549 cells to cisplatin, indicating that lncRNA-XIST modulates the chemoresistance of cancer cells by regulation of autophagy. Of course, further research should be focused on other molecular mechanisms involved in chemoresistance regulated by lncRNA-XIST in NSCLC.
In summary, our present data showed that dysregulation of lncRNA-XIST plays a vital role in NSCLC progression and cisplatin resistance of NSCLC cells, indicating that its overexpression may confer increased cisplatin chemoresistance via autophagy induced by the miR-17/ATG7 signaling pathway. Taken together, this study suggests that lncRNA-XIST may be act as a potential marker of a poor response to cisplatin of NSCLC and a novel therapeutic target for NSCLC chemotherapy.
